The genus Rickettsia (Rickettsiales: Rickettsiaceae) consists of obligate intracellular gram-negative bacteria that are associated primarily with arthropods. Rickettsia species are generally considered to be endosymbionts in the broad sense of having intimate relationships with their arthropod hosts that are not necessarily mutually beneficial. The better-known Rickettsia species are vertebrate pathogens associated with blood-feeding arthropods and include the etiologic agents of spotted fevers transmitted by ticks, endemic typhus transmitted by fleas, and epidemic typhus transmitted by lice. Those species that have occasionally been associated with human disease may constitute emerging pathogens (6, 34) or may be examples of rickettsiae that circulate in zoonotic transmission cycles and only incidentally infect humans. Other rickettsiae that have never been associated with human disease and have little or no pathogenicity in laboratory animals may exist as strict arthropod endosymbionts (4, 35) . The close association and complex interactions between endosymbiotic rickettsiae and arthropods are emphasized by recent evidence that some rickettsial species function as reproductive manipulators of their hosts (19, 35, 36) , a role historically associated with Wolbachia (Rickettsiales: Anaplasmataceae). The traditional focus of study on Rickettsia spp. as human pathogens has now expanded to encompass physiological, genetic, and evolutionary aspects of their role as arthropod endosymbionts.
Research with rickettsiae has been impeded by severe technical constraints on genetic manipulation imposed by their obligate intracellular growth requirement and a lack of appropriate selectable markers and transformation vectors (49, 53) . Transformation of rickettsiae with plasmid vectors used to transform free-living bacteria has not been successful, but such transformation has recently been achieved by the electroporation of rickettsiae with Tn5 transposomes containing selectable marker genes under the regulation of rickettsial promoters. The technique was used to obtain gene knockout mutants of the epidemic typhus pathogen, R. prowazekii, by use of a rifampin resistance marker (39, 49) and to transform the spotted fever group (SFG) tick endosymbiont, R. monacensis, to express green fluorescent protein (GFPuv) and a chloramphenicol (CHL) resistance marker (5) . The successful transformation of SFG and typhus group rickettsiae using transposomes implies that the technique may be generally applicable to rickettsiae, albeit without the economy and high efficiency typical of plasmid transformation of free-living bacteria.
Only a few obligate intracellular bacteria are known to harbor plasmids, including the vertebrate pathogens Coxiella burnetii (44) and various Chlamydiaceae species (37) . Among nonpathogenic arthropod endosymbionts, some but not all species of Buchnera carry plasmids encoding proteins involved in the biosynthesis of amino acids that are deficient in the phloemsap diet of the host aphid (50) . Genome sequencing of an obligate endosymbiont, Wigglesworthia glossinidia (2) , and a secondary symbiont, Sodalis glossinidius (1, 14) , of blood-feeding tsetse flies (Diptera: Glossinidae) revealed the presence of plasmids of undefined biological significance. Within the Rickettsiales, a plasmid has been described only for R. felis isolate California 2, a rickettsial endosymbiont of fleas (32) . It was detected by genome sequencing as a 63-kbp form and a 39-kbp form that consisted of a subset of sequences from the larger form. They were designated pRF and pRF␦ and suggested to provide a potential basis for development of a rickettsial transformation technology. Demonstration of the existence of plas-mids in other Rickettsia species would strengthen the concept that rickettsiae in general, rather than R. felis in particular, might be amenable to genetic manipulation with a vector based on a rickettsial plasmid. Pornwiroon and colleagues (38) , using PCR assays, confirmed the presence of pRF in R. felis strain LSU but could not detect pRF␦, while PCR assays by Ogata and colleagues (32) did not detect pRF-like plasmids in other Rickettsia species.
In this report, we demonstrate the presence of plasmids in R. monacensis and R. amblyommii isolate WB-8-2 by pulsed-field gel electrophoresis (PFGE) and Southern blot analyses. Using transposome technology, we obtained transformant populations of R. monacensis expressing GFPuv and a CHL resistance marker from a transposon inserted within the rickettsial plasmid. The plasmid, designated pRM, was cloned in Escherichia coli as three overlapping fragments and sequenced. Using the R. monacensis pRM plasmid sequence as the query, nucleotide and translated protein BLAST searches of the GenBank database revealed remarkable similarities between pRM and the pRF plasmid of R. felis that included a shared gene complement and a high density of intact and remnant transposase sequences. Southern blot analyses demonstrated that genes conserved on pRM and pRF were also present on the plasmid of R. amblyommii. The presence of related plasmids in SFG Rickettsia species has significant implications for rickettsial biology and the development of technologies for genetic manipulation of rickettsiae.
MATERIALS AND METHODS
Growth, preparation, and transformation of rickettsiae. All rickettsiae were grown in the Ixodes scapularis ISE6 cell line maintained in L-15B300 medium as described previously (30) . They included Rickettsia monacensis, passages 33 to 55 (46) , and transformant clones Rmona658 (5), Rmona658A, and Rmona658B, passages 3 to 19 (originally from untransformed passage 19); R. amblyommii isolate WB-8-2, passages 20 to 34 (10, 24) ; R. peacockii, passages 114 to 116 (45); R. montanensis isolate M5/6, passages 14 to 17 (7); and R. felis isolate LSU, passages 14 to 19 (38) (kindly provided by Kevin Macaluso, Louisiana State University, Baton Rouge, LA). Rickettsiae were purified from infected host cells suspended in L-15B300 medium by passage through a 25-gauge syringe needle six times to lyse the cells, sequential passage of the lysate through 5-and 2-m syringe filters to remove cellular debris, and centrifugation of the filtrates at 18,400 ϫ g at 4°C for 5 min to pellet rickettsiae. Rickettsiae were resuspended and transformed by electroporation with the pMOD658 transposon or used to prepare genomic DNA as described previously (5) . Transformant clones of R. monacensis populations were isolated and maintained under CHL (Roche, Indianapolis, IN) selection and then visualized by epifluorescence microscopy as described previously (5) . Isolation of rickettsial plasmid DNA was attempted with a QIAGEN midiprep kit (QIAGEN, Valencia, CA) and a Spin Doctor plasmid prep kit (Gerard Biotech, Oxford, OH) according to the manufacturer's protocols.
PFGE. Purified rickettsiae (approximately 2 ϫ 10 9 to 6 ϫ 10 9 cells) were washed in 0.75 ml of 1 M Tris-HCl (pH 7.6), 5 M NaCl (PETT buffer), collected at 18,400 ϫ g and 4°C for 5 min in Eppendorf centrifuge tubes, resuspended in 75 to 200 l of PETT buffer, mixed with an equal volume of molten 1% Incert agarose (BMA, Rockland, MD), and cast into blocks. The agarose blocks were digested in 1 ml 10 mM Tris-HCl (pH 8.0), 0.5 M EDTA (pH 8.0), 1% sodium lauroyl sarcosine containing 2 mg/ml proteinase K (Fisher, Pittsburgh, PA) for 24 h at 48°C. Fresh digestion solution was added, and the incubation was continued for 24 h. Proteinase K was inactivated by incubation in 1 ml of 4% phenylmethylsulfonyl fluoride (Sigma-Aldrich, St. Louis, MO) twice for 1 h each at 48°C. The blocks were washed twice in 1.5 ml TE (pH 7.6) and cast into PFGE gels (see below) or stored in 0.5 M EDTA (pH 8.0) at 4°C. Agarose blocks subjected to restriction enzyme digestion with HindIII, PvuI (Promega, Madison, WI), NcoI (New England Biolabs, Beverly, MA), or SmaI (Life Technologies, Rockville, MD) were equilibrated in TE as described above and immersed in 200 l of the manufacturer's 1ϫ buffer with 10 to 50 units of enzyme and incubated for 4 h at 37°C (25°C for SmaI). Fresh enzyme was added, and the incubation was continued overnight. Agarose blocks containing rickettsial DNA or 1-kbp (Life Technologies) or 5-kbp (Bio-Rad, Hercules, CA) linear molecular weight marker ladders were equilibrated twice in 1 ml TAFE running buffer (20 mM Tris free base, 5 mM EDTA free acid, 0.00025% glacial acetic acid) for 30 min at 4°C. The blocks were cast into a 1% agarose gel (Geneline LE agarose, PFGE certified; Beckman Instruments, Palo Alto, CA) in TAFE buffer and subjected to PFGE in a Beckman Geneline transverse alternating-field electrophoresis apparatus. Initial electrophoresis conditions were 220 mA for 8 h with 1-s pulses followed by 8 h with 2-s pulses at 5°C. After the initial experiments, current was reduced to 200 mA. Following electrophoresis, the gels were stained in TAFE buffer with 0.4 g/l ethidium bromide or SYBR green I as suggested by the manufacturer (Cambrex, Rockland, ME) to visualize DNA. Two-dimensional agarose gel electrophoresis. For second-dimension electrophoresis, PFGE gels electrophoresed as described above were placed in a horizontal electrophoresis apparatus tray at a right angle to the original axis of anode-to-cathode orientation during PFGE and cast in place with fresh 1% agarose in TAFE buffer. The gels were electrophoresed for 80 min under constant current at 6 V/cm in TAFE buffer.
Southern blot analyses. Rickettsial DNA, electrophoresed on 1% agarose-TAE gels, was transferred onto Zeta Probe GT genomic membrane (Bio-Rad) as described previously (5) . Rickettsial DNA electrophoresed on PFGE gels was depurinated in 0.2 N HCl for 10 min, denatured in 0.4 N NaOH, 1 M NaCl for 35 min, transferred onto membrane in 0.4 M NaOH overnight, neutralized in 0.5 M Tris-HCl (pH 7.2), 1 M NaCl for 15 min, and baked at 80°C for 1 h. The blots were hybridized with digoxigenin-labeled probes prepared by PCR amplification, including a GFPuv gene probe specific for the pMOD658 transposon, as described previously (5) except that the pRM6, pRM16, and pRM21 probes (see below) were hybridized at 55°C. An R. felis pRF plasmid-specific probe was amplified from R. felis genomic DNA by use of the primer pair pRFh-pRFi (32), yielding a 726-bp product spanning the 3Ј end of the gene encoding the Sca12 cell surface antigen and the 5Ј end of the gene encoding an ATP-dependent protease. Cycle conditions were as follows: 1 cycle at 95°C for 1 min; 30 cycles at 95°C for 30 s, 48°C for 30 s, and 72°C for 1 min; and a final 5-min cycle at 72°C. Probes specific for the R. monacensis plasmid pRM6, pRM16, and pRM21 genes were prepared using primer pairs Hsp2F/Hsp2R, p05F/p05R, and Sca12F/Sca12R, respectively (Table 1) . Cycle conditions were essentially as described above but were extended to 40 cycles, and annealing temperatures were 48°C, 50°C, and 52°C for the pRM6, pRM16, and pRM21 gene primer pairs, respectively. Primers were synthesized by Integrated DNA Technologies (Coralville, IA).
Cloning and sequencing of the R. monacensis plasmid. To clone restriction enzyme digestion fragments of the R. monacensis pRM plasmid bearing the pMOD658 transposon carrying a CHL acetyltransferase (CAT) resistance marker, DNA prepared from transformant Rmona658A and Rmona658B populations was digested overnight individually with EcoRI, EcoRV, HindIII, HpaI, NcoI, SpeI, SphI, or StuI (New England Biolabs or Promega) in the manufacturer's 1ϫ buffers at 37°C. Restriction fragments were treated with a DNA Terminator end repair kit, ligated into the pSMART-LCKan vector with Clone Smart DNA ligase, and electroporated into E. cloni 10G electrocompetent cells according to the manufacturer's suggested protocols (Lucigen, Madison, WI). Electroporated cells were plated on Luria-Bertani agarose plates containing 50 g per ml of CHL. Resistant colonies growing at 37°C were cultured in LB (Table 1) were designed from the restriction fragment contig sequences and used to amplify 412-and 6,894-bp products, respectively, from Rmona658B genomic DNA by use of an Expand Long template system with the manufacturer's system 3 cycle parameters (Roche). The PCR products were gel purified with a QIAGEN gel extraction kit (QIAGEN) and sequenced as described above. The larger product was cloned in the pCR4 vector (Invitrogen, Carlsbad, CA). Nucleotide sequence accession number. The R. monacensis pRM plasmid sequence has been deposited at GenBank and assigned accession number EF564599.
RESULTS
Transformant R. monacensis populations with multiple pMOD transposon integrations. Electroporation of R. monacensis with the pMODompACAT\GFPuv658 transposon, followed by growth in tick host cells under selection with CHL, resulted in the isolation of the Rmona658 clone (5). We obtained two additional resistant rickettsia populations from independent electroporation cuvettes. Both expressed GFPuv and were designated Rmona658A and Rmona658B (Fig. 1) . Southern blot analyses, using a GFPuv gene probe, indicated that the genome of Rmona658 contained one integrated pMOD658 transposon, as shown by single hybridization bands migrating relative to marker DNA at approximately 3. We interpreted the results to suggest two alternatives that were not mutually exclusive: (i) that the Rmona658A and 658B populations recovered from single, independent electroporations were derived from multiple transformed founder cells with single transposons integrated at different sites in the rickettsial genome or (ii) that they were derived from single founder cells with multiple transposons integrated within the same genome. The fact that no transformant rickettsiae were obtained from many other electroporation attempts argued against the first alternative as a sole explanation of the results.
We reasoned that the recently reported presence of a plasmid in R. felis (32) , if also the case for R. monacensis, would provide an additional transposon integration target that could facilitate multiple integrations within the genome of a single founder cell. We confirmed that hypothesis, as described below, by using PFGE and Southern blot analyses to demonstrate the existence of a plasmid containing integrated pMOD658 transposons within the genomes of Rmona658A and Rmona658B transformants. The plasmid was then cloned as three overlapping fragments and sequenced, producing a composite circular plasmid sequence. Probes derived from genes on each of the fragments were used in a final round of Southern blot experiments to physically confirm that each cloned fragment was derived from the plasmid bands observed on PFGE gels and that similar genes were present on a plasmid of another SFG rickettsia, R. amblyommii isolate WB-8-2.
Detection of plasmids in rickettsial genomes by Southern blot analyses of PFGE gels. We exploited the presence of a plasmid in the R. felis genome to verify that Southern blot analyses of rickettsial genomic DNAs electrophoresed on PFGE gels could be used as a method to test our hypothesis that multiple transposon integrations in the Rmona658A and Rmona658B populations were at least partially due to integration within an R. monacensis plasmid. Using a probe specific for the pRF plasmid, we applied the method to studying the R. felis isolate LSU, whose genome includes the 63-kbp pRF plasmid containing a single PvuI restriction enzyme site (38) . Undigested R. felis genomic DNA that comigrated on PFGE gels with linear 70-to 100-kbp markers hybridized with the pRF probe (Fig. 3, lane 1) . The probe also hybridized with PvuI-digested R. felis DNA that migrated just below the 65-kbp marker at the predicted position of linear plasmid (Fig. 3, lane  2) . Undigested DNA of R. amblyommii isolate WB-8-2 that migrated in the range of the 25-to 50-kbp markers also hybridized with the pRF probe (Fig. 3, lane 3) as did PvuIdigested WB-8-2 DNA that migrated at the positions of the 20-to 25-kbp markers (lane 4). The pRF probe did not hybridize with R. monacensis, R. montanensis, or R. peacockii DNA (not shown). The results confirmed that Southern blot analysis of PFGE gels could detect the R. felis 63-kbp pRF plasmid, indicated the presence of a smaller plasmid in R. amblyommii recognized by the pRF plasmid probe, and confirmed that the method was an appropriate means to analyze the Rmona658A and Rmona658B transformant populations for evidence of transposon integration within a rickettsial plasmid.
Southern blot analyses confirm pMOD transposon integration in a plasmid of R. monacensis. Ethidium bromide staining of R. monacensis and R. amblyommii genomic DNA electrophoresed on PFGE gels showed the presence of randomly sheared chromosomal DNA migrating above the position of the linear 100-kbp marker DNA (Fig. 4A, lanes 1, 2, 4 , and 6). Potential plasmids were again detected in R. amblyommii as DNA bands (Fig. 4A, lane 1 Digestion of the R. monacensis DNAs with HindIII, which cleaves once within the pMOD568 transposon, resulted in the near disappearance of the potential plasmid DNA bands (Fig.  4A, lanes 3, 5, and 7) . Southern blot analysis of the PFGE gel, hybridized with a GFPuv gene probe specific for the pMOD658 transposon (5), showed no hybridization to R. amblyommii or untransformed R. monacensis DNA (Fig. 4B, lanes  1, 2, and 3) . The probe hybridized to Rmona658 undigested chromosomal DNA that migrated above the position of the 100-to 120-kbp markers (Fig. 4B, lane 4) and to a HindIIIdigested band (lane 5) that comigrated with the 3-kbp marker, as expected of the single chromosomally integrated copy of the pMOD658 transposon in Rmona658 (5). The probe hybridized both to undigested Rmona658A chromosomal DNA and to the potential plasmid bands at 25 to 50 kbp (Fig. 4B, lane 6) , indicating pMOD658 transposon integration. The probe hybridized to Rmona658A DNA digested with HindIII that migrated as bands at 2.5, 3, and 3.7 kbp (Fig. 4B, lane 7) , but the additional 5.4-kbp band that was originally observed (Fig. 2 , We extended the PFGE and Southern blot analysis to transformant Rmona658B DNA digested with NcoI and SmaI, which cleave once each at G/C-rich recognition sites within the pMOD658 transposon. The sites were expected to occur rarely in A/T-rich rickettsial DNA. On ethidium bromide-stained PFGE gels, undigested chromosomal DNA was visible as a broad band migrating above the position of the 100-kbp linear DNA marker (Fig. 4C, lanes 1, 2, and 3) . Potential plasmid DNA bands again migrated in the range of the 25-to 50-kbp markers in lanes containing DNA of untransformed R. monacensis and transformant Rmona658 (Fig. 4C, lanes 1 and 2, respectively) but displayed slightly retarded mobility in the lane containing transformant Rmona658B DNA (lane 3), consistent with insertion of the 2.1-kbp pMOD658 transposon in the plasmid. Digestion of Rmona658B DNA with NcoI and SmaI resulted in complex band patterns (Fig. 4C, lanes 4 and 5, respectively) that indicated much more frequent cleavage of rickettsial DNA by NcoI than by SmaI, but DNA bands were not apparent in lanes that each contained 1.5 g of Rmona658B DNA eluted from a QIAGEN midiprep plasmid purification column and loaded on the gel before digestion (lane 6) or after digestion with NcoI (lane 7) and SmaI (lane 8), suggesting a low content of plasmid in that DNA preparation. Southern blot analysis of the PFGE gel showed that the GFPuv probe did not hybridize to untransformed R. monacensis DNA (Fig. 4C, lane 1) but did hybridize as predicted (5) to Rmona658 chromosomal DNA that migrated above the position of the 100-kbp marker (lane 2). The probe also hybridized to undigested Rmona658B chromosomal DNA and to the potential plasmid DNA bands (Fig. 4C, lane 3) as well as a less abundant and possibly linear form of plasmid that migrated slightly ahead of the 25-kbp marker. In NcoI-digested Rmona658B DNA, the probe hybridized predominantly to 9-and 14-kbp bands and less strongly to 7-and 25-kbp bands (Fig.  4C, lane 4) . The 50-kbp band seen in Fig. 4C , lane 3, was no longer apparent. In SmaI-digested Rmona658B DNA (Fig. 4C,  lane 5) , both the 25-and the 50-kbp bands were absent and the probe hybridized to a band at approximately 23 kbp as well as a band of digested chromosomal DNA that migrated at approximately 100 kbp. In undigested Rmona658B plasmid prep DNA, the probe hybridized to bands that migrated at approximately 100, 50, 25, and 23 kbp (Fig. 4C, lane 6) . In NcoI-and SmaI-digested Rmona658B plasmid prep DNA (Fig. 4C, lanes  7 and 8, respectively) , the probe again hybridized to the previously observed 9-and 14-kbp NcoI digest bands and to a single SmaI-digested band at approximately 23 to 25 kbp.
The results showed that a potential plasmid in the Rmona658A and Rmona658B transformant populations that migrated in the range of the 25-to 50-kbp linear DNA markers on PFGE gels contained a copy of the pMOD658 transposon. Digestion of Rmona658B with NcoI and SmaI indicated that the linearized plasmid, including the transposon, was 23 to 25 kbp in length, and we interpreted the 23-, 25-, and 50-kbp hybridizing bands in Fig. 4C and D as linear, supercoiled, and open circular plasmid isomers, respectively (22) . We confirmed that interpretation by using the two-dimensional electrophoresis procedure employed to distinguish linear from circular plasmids in Borrelia burgdorferi and Borrelia hermsii (17, 18) . R. monacensis DNA was electrophoresed on PFGE gels as described above in the first dimension and subsequently stained, before second-dimension constant current electrophoresis, with ethidium bromide at the critical concentration which re- (22) . The destained first-dimension PFGE gels again showed a chromosomal DNA band migrating at approximately 100 kbp, the plasmid bands at 25 to 50 kbp corresponding to presumed supercoiled and circular plasmid isomers, previously uncertain bands migrating at approximately 35 and 45 kbp, and a faint band of presumably linear plasmid isomer migrating at approximately 23 kbp (Fig. 5A , lane 1). Second-dimension electrophoresis resulted in the migration of sheared chromosomal DNA and the 23-kbp plasmid band to the right at a rate resembling that of the linear DNA markers (Fig. 5B, lane 1 versus lane 2) , confirming the presence of linear DNA in the 23-kbp band. The 25-kbp plasmid band did not migrate, as expected, but the 50-kbp plasmid band resolved into a nonmigrating, presumably circular fraction and a migrating, presumably linear fraction, as did the 35-kbp band. The 45-kbp band migrated at a rate corresponding to that of the linear marker DNAs. Southern blot analysis of the gel shown in Fig. 5B was conducted using a probe specific for a small heat shock protein gene (pRM6) present on the R. monacensis plasmid (see below). The probe hybridized strongly to the immobile supercoiled plasmid isomer at 25 kbp (Fig. 5C , lane 1) and less strongly to the 23-kbp linear isomer that migrated to the right of lane 1. The probe also hybridized strongly to the mobile 50-kbp linear isomer that migrated to the right of lane 1 but less strongly to the immobile 50-kbp circular isomer and only weakly to the 35-to 45-kbp bands. The results suggested the existence of a circular plasmid in R. monacensis that was also present as a comparatively rare monomeric linear isomer and an abundant dimeric linear isomer. Cloning and sequencing the R. monacensis plasmid. Because we were unable to isolate the intact R. monacensis plasmid by CHL marker rescue of E. coli cells electroporated with Rmona658A or Rmona658B genomic or plasmid prep DNA, we used the same method to rescue restriction enzyme digestion fragments of rickettsial DNA containing the pMOD658 transposon after ligation into pSMART-LCKan, a vector optimized for cloning A/T-rich DNA that is unstable in E. coli. The restriction fragments were sequenced and assembled into composite 7-and 11-kbp DNA sequences from Rmona658A and Rmona658B, respectively, that overlapped by 150 bp, as shown schematically (Fig. 6) . Each of the composite sequences contained a single pMOD658 transposon encoding the CHL resistance marker, which was flanked by the 9-bp insertion site duplications characteristic of pMOD transposase activity. Using the pRmJunc1 and 2 primers designed to hybridize near the overlapping ends of the two sequences, we PCR amplified and sequenced a 412-bp product from Rmona658B DNA (Fig.  6 ) which confirmed that the overlapping Rmona658A and Rmona658B restriction fragment sequences were present as directly adjacent sequences on the same DNA template. Using the pRmGap1 and -2 primers hybridizing to the opposite ends of the two composite restriction fragment sequences, we PCR amplified and sequenced a 7-kbp product (Fig. 6 ) that encompassed the remaining portion of the plasmid, allowing final sequence assembly of the circular R. monacensis plasmid, designated pRM. The 23.5-kbp pRM sequence (excluding the 2.1-kbp pMOD transposons present as single copies in the plasmids found in the Rmona658A and Rmona658B transformant populations) was in close agreement with our estimate of a 23-to 25-kbp plasmid based on PFGE analyses. The numbers and relative positions of EcoRI, HindIII, NcoI, and SmaI restriction enzyme recognition sites within the pRM sequence were consistent with the results of Southern blot analyses that employed those enzymes ( Fig. 2 and 4) . Finally, marker rescue cloning of restriction enzyme digestion fragments resulted in the recovery of additional clones containing three independent chromosomal integrations of the pMOD658 transposon from the Rmona658A population and one from the Rmona658B population, consistent with results of our initial Southern blot analyses of transposon integration sites in the rickettsial populations (Fig. 2) . pRM plasmid sequence. The R. monacensis pRM plasmid sequence was 23,486 nucleotides in length and had a G/C content of 31.8%. Based on nucleotide and translated protein BLAST searches of the GenBank database with the pRM sequence as the query, we identified 23 predicted genes or pseudogenes (Fig. 7) , of which 22 contained open reading frames (ORFs) that encoded hypothetical proteins with significant similarities to proteins encoded by other bacteria (Table  2) . Four pRM genes (pRM17 to pRM20) were identified as members of an operon by the FGENESB program (SoftBerry, Inc.), while pRM6 and pRM7 constituted a smaller operon. Three pRM genes encoded hypothetical proteins that were best E value matches to those encoded by R. felis chromosomal genes, and 11 others encoded hypothetical proteins that were best matches to those encoded by R. felis pRF genes. The pRM genes generally had nucleotide similarities of 70 to 90% to the cognate pRF genes, but gene order on the two plasmids was not colinear. The tentative functional identities assigned to hypothetical proteins encoded by pRM (Table 2 ) indicated a primary emphasis on DNA replication, partitioning, and mobilization and a possible secondary emphasis on host interaction and adaptation. We emphasize that the identities of the Genes on pRM that contained ORFs for protein domains with known roles in DNA replication and partitioning included pRM16, which encoded a DnaA-like chromosomal replication initiator domain identified as a best match of that encoded by the pRF05 gene, and pRM9, which encoded a partial DNA polymerase III epsilon subunit-like domain identified as a best match of that encoded by pRF34. The pRM18 gene encoded a protein identified as a best match of a Stappia species ParAlike chromosomal stability protein with a probable role in regulation of cytokinesis. A similar ParA-like protein is encoded by pRF23. The pRM22 gene encoded a protein identified as a best match to a chromosome segregation ATPase encoded by an R. bellii gene, while pRM8 encoded a protein identified as a best match to a Nitrobacter species-encoded RecD helicase/TraA protein with DNA replication, recombination, and repair functions.
Genes on pRM with ORFs encoding protein domains with known roles in DNA mobilization included pRM2 and pRM3, which encoded Agrobacterium-like TraD_Ti and TraA_Ti conjugative DNA transfer protein domains. They were identified as best matches of the proteins encoded by the pRF plasmid pRF37 and pRF38 genes. The high density of transposase genes on pRF was also characteristic of pRM, which carried a rickettsial split gene (8, 31) , designated pRM1, that encoded a protein identified as a best match of the pRF41-encoded transposase. The pRM4 and pRM11 genes encoded proteins identified as best matches to major portions of transposases encoded by Piscirickettsia and Sulfitobacter species, respectively, while the pRM5 and pRM23 genes encoded transposon resolvases identified as best matches to those of Photobacterium and Burkholderia species, respectively. The pRM plasmid also carried apparent small remnants of several transposase genes found on pRF or in other bacteria (not shown).
Several genes on pRM could be involved in interaction and adaptation of R. monacensis with host cells. They included the pRM12 and pRM14 genes, which encoded proline/betaine membrane transporters, identified as best matches to those encoded by the R. felis chromosomal genes RF0885 and RF0441. The transporter genes were located to either side of pRM13, a split gene on the opposite strand that encoded a protein identified as a best match of SpoT15, encoded by the R. felis RF0384 gene, and a member of a family of nutritional stress response transcriptional regulators. The pRM6 and pRM7 genes encoded proteins identified as best matches of the small heat shock proteins Hsp2 and Hsp1 encoded by pRF51 and pRF52, respectively. The pRM19 and pRM20 genes encoded hypothetical proteins that were best matches of the pRF02 and pRFd02 gene products. A helix-turn-helix DNA binding domain typical of some bacterial transcriptional regu- f Among Rickettsia species, the gene has previously been found only on the R. felis pRF plasmid (20) . g Among Rickettsia species, the gene has previously been found only on the R. felis chromosome and the pRF plasmid (20 Southern blots confirm the integrity of the circular pRM sequence and the presence of probable orthologous genes on the plasmid of R. amblyommii. We used Southern blots with probes specific for pRM6, pRM16, and pRM21, genes that were highly similar to the R. felis pRF plasmid genes pRF51, pRF05, and pRF24, respectively (Table 2) , to verify the integrity of the deduced pRM sequence and to test for the presence of similar genes on the plasmid of R. amblyommii isolate WB-8-2. DNAs of R. monacensis, the Rmona658B transformant, and R. amblyommii were again separated on PFGE gels, and plasmid bands (Fig. 8A, lanes 2 to 9) that migrated in the range of the 25-to 50-kbp markers (lane 1) were visualized by staining with SYBR green. The DNAs were transferred onto hybridization membrane, and lanes 1 to 3 were hybridized with the GFPuv probe specific for the pMOD658 transposon. It again hybridized strongly to the 25-to 50-kbp plasmid bands and the 100-kbp chromosomal DNA band of Rmona658B (Fig.  8B, lane 2) but not to untransformed R. monacensis DNA (lane 3). The probe for pRM16 on the 11-kbp restriction fragment cloned from Rmona658B ( Fig. 6 and 7) hybridized strongly to the same 25-to 50-kbp plasmid DNA bands but not to chromosomal DNA of Rmona658B (Fig. 8B, lane 4) . It hybridized less strongly to R. amblyommii plasmid bands of similar mobility (Fig. 8B, lane 5) , suggesting the presence of a DnaA replication initiator gene with moderate sequence similarity to the pRM16/pRF05 genes. The probe for pRM6 on the 7-kbp restriction fragment cloned from Rmona658A ( Fig. 6 and 7) hybridized strongly to the 25-to 50-kbp plasmid DNA bands of Rmona658B (Fig. 8B, lane 8) and to the R. amblyommii plasmid bands (lane 9), suggesting the presence of a small heat shock protein gene with high sequence similarity to the pRM6/ pRF51 genes. The probe for pRM21 on the 7-kbp PCR product spanning the region of plasmid not contained in the restriction fragment clones ( Fig. 6 and 7) hybridized strongly to the 25-to 50-kbp plasmid DNA bands and to chromosomal DNA of Rmona658B (Fig. 8B, lane 6) . It hybridized weakly to R. amblyommii plasmid bands of similar size (Fig. 8B, lane 7) , suggesting the presence of a probable Sca12 gene with low sequence similarity to the pRM21/pRF24 genes.
The integrity of the pRM sequence was confirmed by hybridization of the GFPuv probe and probes specific for genes on each of the three independently cloned and sequenced fragments of pRM to the same 25-to 50-kbp plasmid DNA bands originally detected with the GFPuv probe (Fig. 4) . The results also showed that probable orthologs of genes present on both pRM and pRF were present on an R. amblyommii plasmid of similar size.
DISCUSSION
The pRM plasmid of R. monacensis and the pRF plasmid of R. felis were remarkably similar. Eleven of the 23 predicted genes and pseudogenes on pRM encoded hypothetical proteins that were BLASTx best matches to those encoded by pRF genes. Orthologs of two of those gene pairs, pRM3/pRF38 and pRM9/pRF34 (Table 2) , were absent from the chromosomes of 10 sequenced Rickettsia species (20) , and the genes were thus unique to the plasmids among rickettsiae. Rickettsial orthologs of the pRM6 and pRM10 genes were present only on pRF and the R. felis chromosome, and orthologs of pRM2 and pRM16 were present only on chromosomes of R. felis and the ancestral group species R. bellii and R. canadensis. The pRF plasmid was originally suggested as possibly unique to R. felis (20) . That hypothesis was supported by our demonstration of an R. amblyommii plasmid recognized on Southern blots by a probe amplified from R. felis genomic DNA with the above-described pRF primers (Fig. 3) and by the pRM21 probe (Sca12) as well as the pRM6 (Hsp2) and pRM16 (DnaA-like replication initiator) probes (Fig. 8) While we have not demonstrated that R. monacensis expresses functional proteins from pRM genes, the similarities in the functional natures of the hypothetical proteins encoded by pRM and pRF were nevertheless striking. A majority were predicted to have roles in DNA replication, partitioning, mobilization, and conjugation. Although the observation of apparent pili linking R. felis cells and the presence of chromosomal genes similar to vir genes of A. tumefaciens that encode type IV secretion system proteins involved in later stages of DNA transfer (11) led to the suggestion that pRF was conjugative (33), the conjugation functions encoded by pRF and pRM are incomplete and would be capable only of initiating DNA transfer. We have not attempted to demonstrate the presence of pili in R. monacensis, and neither plasmid has been demonstrated to be mobile. The presence on the plasmids of multiple transposase sequences and genes apparently derived from other bacteria provides a mechanistic explanation, in addition to host selective pressures, for differential gene loss and gain leading to size and sequence variations among rickettsial plasmids with a presumed common origin. A high density of transposase genes is not typical of rickettsial genomes in general but is characteristic of R. felis and R. bellii (32, 33) as well as of Orientia tsutsugamushi (16) , the etiologic agent of scrub typhus transmitted by mites and the only member of the sister genus Orientia in the Rickettsiaceae family.
Potential host adaptation functions were a secondary emphasis of pRM coding capacity, reminiscent of the plasmids of B. burgdorferi that have gene loci encoding proteins involved in nutrient acquisition and transport functions as well as outer surface proteins that play essential roles in interactions with hosts (48) . Tick feeding, molting, and fasting lead to alternating periods of rickettsial activation, growth, and decline in response to changes in temperature, osmotic pressure, and the nutritional status of the tick (29) . Proteins encoded by the spoT and proline/betaine transporter genes on pRM could be involved in the adaptation of R. monacensis to host conditions. In bacteria, SpoT proteins are regulators of the global cellular metabolism or "stringent" response to starvation and stress, which enhances cell survival (12) . In B. burgdorferi (9, 13, 41) and R. conorii (43) , both of which are tick-borne, spoT mRNAs were differentially expressed following vertebrate-to-arthropod host shifts and changes in nutritional stress. As obligate endosymbionts, rickettsiae do not synthesize many low-molecularweight metabolites, such as proline (40, 52) , and rely on membrane transporters for access to host cell metabolites. Proline/ betaine transporters are members of the ABC transporter family and have been classically defined as maintaining cellular osmotic integrity by transporting uncharged solutes across the plasma membrane (21) . In rickettsiae, they might perform both a nutritional role and a stress response role by stabilizing protein hydration shells (21) . The small heat shock proteins encoded by pRM6 and pRM7 may also enhance rickettsial survival during stress by maintaining protein stability as they do in other bacteria (25, 47) . While the pRM21 gene encoded a cell surface antigen, Sca12 (8) , that could be involved in interactions with the host cell membrane, other genes with obvious potential for host invasion or virulence functions, such as those encoding a hyaluronidase and a patatin-like phospholipase encoded by pRF genes, were not present on pRM.
Regardless of the above inferences drawn from the hypothetical coding capacities of pRM and pRF, the maintenance and role of plasmids in rickettsiae remain obscure. The rickettsial plasmid's possession of genes with probable plasmid maintenance functions and with significant similarity to those of distantly related bacteria suggests an important role in rickettsial biology. The presence of both linear and circular isomers of pRM in rickettsial cells was suggestive of rolling-circle replication of a circular plasmid (23, 27) . However, the multiple linear and circular plasmids of B. burgdorferi replicate independently (48) . In addition, it has been suggested that the genesis of linear plasmid dimers in B. burgdorferi may involve a circular intermediate (28) , and a linear plasmid of B. hermsii was shown to spontaneously convert to a stably maintained circular form (18) . The as-yet-unknown mechanisms of rickettsial plasmid replication, maintenance, and possible conjugative transfer have significant implications for the development of transformation technologies and for the role of plasmids in rickettsial biology. As obligate endosymbionts of blood-feeding arthropods, rickettsiae are under constant selective pressure for reduction in genome size and exist in isolated small populations that may experience successive population bottleneck events (3, 51) . In the face of such pressures, plasmids might serve to enhance rickettsial genetic plasticity, possibly through mechanisms involving the transfer of genetic information between chromosomes and plasmids, as has been shown for Buchnera (26) .
For decades, rickettsiae have been notoriously resistant to genetic manipulation with the techniques and plasmid vectors that have been successfully applied to many other bacteria (49, VOL. 73, 2007 TRANSPOSITION INTO pRM OF R. MONACENSIS 4993 53). Plasmids that might provide a basis for rickettsial transformation vectors were thought not to exist in Rickettsia until the recent surprising report of pRF in R. felis (32) . We have described a closely related plasmid, pRM, for R. monacensis and have obtained additional data indicating that a related plasmid exists in R. amblyommii and in other SFG Rickettsia species (unpublished), consistent with an ancestral group origin of pRF as suggested by Gillespie and colleagues (20) . Independent transposon integrations of linked selectable marker and fluorescent reporter genes at two positions in pRM resulted in long-term stable expression of both genes in R. monacensis and allowed us to clone the plasmid as three large overlapping fragments. We have initiated the development of pRM as a transformation vector that may be of general utility in the genetic manipulation of Rickettsia.
